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(54) Implantable cardiac stimulation device having autocapture/autothreshold capability 



(57) An improved system and method for perform- 
ing autocapture/autothreshold detection in an implant- 
able cardiac stimulation device or any device capable 
of stimulating some organ or tissue in the body. In some 
existing systems, loss-of -capture and capture decisions 
are based upon two consecutive cardiac events. How- 
ever, such systems may be subject to subthreshold 
stimulation pulses that capture and lose capture on al- 
ternating pulses, trigeminy PVC sequences, or the like 
that require a higher stimulation pulse amplitude but 
cannot make this determination due to the two consec- 
utive event requirement. Accordingly, in the present in- 



vention, the determination of whether there is a loss-of- 
capture is determined only according to paced events, 
i.e., ignoring intrinsic and PVC beats. Furthermore, the 
loss-of -capture determination is based upon X out of the 
last Y beats, where Y is greater than 2 and X is less than 
Y Accordingly, consecutive loss-of-capture events are 
no longer required in determining the threshold level. In 
a further aspect, a preferred embodiment monitors car- 
diac events to detect a sequence of patterns that could 
indicate a trigeminy pattern and, If detected, the pacing 
rate is increased to attempt to break the pattern and thus 
permit the threshold level to be detected. 
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Description 

[0001] The present invention is generally directed to 
an Implantable medical device, e.g., a cardiac stimula- 
tion device, and is particularly directed to an autocapture 
/ autothreshold pacing system and method for use in 
such a device. 

[0002] Implantable cardiac stimulation devices are 
well known in the art. They include Implantable pace- 
makers which provide stimulation pulses to cause a 
heart, which would nonnally beat too slowly or at an ir- 
regular rate, to beat at a controlled nomnal rate. They 
also include defibrillators which detect when the atria 
and/or the ventricles of the heart are in fibrillation or a 
pathologic rapid organized rhythm and apply cardiovert- 
ing or defibrillating electrical energy to the heart to re- 
store the heart to a normal rhythm. Implantable cardiac 
stimulation devices may also include the combined 
functions of a pacemaker and a defibrillator. 
[0003] As is well known, implantable cardiac stimula- 
tion devices sense cardiac activity for monitoring the 
cardiac condition of the patient in which the device is 
implanted. By sensing the cardiac activity of the patient, 
the device is able to provide cardiac stimulation pulses 
when they are needed and inhibit the delivery of cardiac 
stimulation pulses at other times. This inhibition accom- 
plishes two primary functions. Firstly, when the heart is 
intrinsically stimulated, its hemodynamics are generally 
improved. Secondly, inhibiting the delivery of a cardiac 
stimulation pulse reduces the battery current drain on 
that cycle and extends the life of the battery which pow- 
ers and is located within the implantable cardiac stimu- 
lation device. Extending the battery life, will therefore 
delay the need to explant and replace the cardiac stim- 
ulation device due to an expended battery. Generally, 
the circuitry used In implantable cardiac stimulation de- 
vices have been significantly Improved since their intro- 
duction such that the major limitation of the battery life 
Is primarily the number and amplitude of the pulses be- 
ing delivered to a patient's heart. Accordingly, it is pref- 
erable to minimize the number of pulses delivered by 
using this inhibition function and to minimize the ampli- 
tude of the pulses where this is clinfcally appropriate. 
[0004] It is well known that the amplitude value of a 
pulse that will reliably stimulate a patient's heart, i.e., Its 
threshold value, will change overtime after implantation 
and will vary with the patient's activity level and other 
physiological factors. To accommodate for these chang- 
es, pacemakers may be programmed to deliver a pulse 
at an amplitude well above (by an increment or a factor) 
an observed threshold value. To avoid wasting battery 
energy, the capability was developed to automatically 
adjust the pulse amplitude to accommodate for these 
long and short term physiological changes. In an exist- 
ing device, the AffinityTw OR, Model 5330 UR Dual- 
Chamber Pulse Generator, manufactured by the assign- 
ee of the present invention, an AutoCapture^M pacing 
system Is provided. The User's Manual, ©1 998 St, Jude 



Medical, which describes this capability Is Incorporated 
herein by reference. In this system, the threshold level 
is automatically determined in a threshold search rou- 
tine and is maintained by a capture verification routine. 
5 Once the threshold search routine has determined a 
pulse amplitude that will reliably stimulate, I.e., capture, 
the patient's heart, the capture verification routine mon- 
itors signals from the patient's heart to identify pulses 
that do not stimulate the patient's heart (indicating a 
10 loss-of -capture). Should a loss-of-capture (LOG) occur, 
the capture verification routine will generate a large am- 
plitude (e.g., 4.5 volt) backup pulse shortly after (typi- 
cally within 80-100 ms) the original (primary) stimulation 
pulse. This capture verification occurs on a pulse-by- 
'5 pulse basis and thus, the patient's heart will not miss a 
beat. However, while capture verification ensures the 
patient's safety, the delivery of two stimulation pulses 
(with the second stimulation pulse typically being much 
larger in amplitude) is potentially wasteful of a limited 
20 resource, the battery capacity. To avoid this condition, 
the existing device, monitors for two consecutive loss- 
of-capture events and only increases the amplitude of 
the primary stimulation pulse should two consecutive 
loss-of-capture (LOG) events occur. This procedure Is 
25 repeated, if necessary, until two consecutive pulses are 
captured, at which time a threshold search routine will 
occur. The threshold search routine decreases the pri- 
mary pulse amplitude until capture is lost on two con- 
secutive pulses andthen.in a similar manner to that pre- 
30 viously described, increases the pulse amplitude until 
two consecutive captures are detected. This is defined 
as the capture threshold. The primary pulse amplitude 
is then Increased by a working margin value to ensure 
aprimary pulse whose amplitude will exceed the thresh- 
es old value and thus reliably capture the patient's heart 
without the need for frequent backup pulses. 
[0005] While the method used by this existing device 
has been proven to be a safe and effective method of 
detennining a primary pulse amplitude that will reliably 
40 capture the patient's heart, conditions have been en- 
countered that may cause the prior art system to rely 
upon backup pulses for extended periods of time, thus 
expending battery capacity to ensure patient safety. For 
example. In one case, a pulse amplitude may be set Just 
45 below the threshold of a patient's heart (see the first por- 
tion of FIG. 8). Due to various factors, e.g., electrical 
noise, myopotentials or the like, the prior art system may 
alternate between capture and loss-of-capture events 
for an extended period of time. In a next case (see FIQ. 
50 9), a heart may be subject to periods of PVCs (prema- 
ture ventricular contractions) generated by ectopic foci 
in the heart. Following a PVC, the heart muscle may be 
subject to supernonnal conduction due to a longer re- 
polarization period. Accordingly, an othenvise sub- 
55 threshold primary pulse may still be capable of causing 
capture of the patient's heart for the next cardiac cycle. 
Accordingly, a trigeminy type pattern that alternates be- 
tween loss-of-capture, a PVG (appearing as a sensed 
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event), and a captured pulse may repeatedly occur. 
Since such a pattern does not satisfy the two sequential 
loss-of-capture event requirement of the existing de- 
vice, the existing device will not be able to adapt to this 
condition. Although, patient safety is maintained, it is 
done at the expense of battery life. 
[0006] Therefore what is needed is a flexible system 
that can determine a threshold amplitude for the primary 
pulse in such special cases as well as normal cases and 
that can preferably minimize the time to determine the 
threshold amplitude. 

[0007] The present invention provides an improved 
system and method for performing autocapture and au- 
tothreshold detection in an implantable cardiac stimula- 
tion device. In some prior art systems, loss-of-capture 
and capture decisions are based upon single events. 
Such a single event system would generally be overly 
sensitive and would tend to detennine unnecessarily 
high threshold values. In other systems, loss-of-capture 
and capture decisions are based upon two consecutive 
events. These systems additionally include a large am- 
plitude backup pulse capability to stimulate the patient's 
heart when there is a loss-of -capture and there would 
othenwise be a missed heart beat. However, such sys- 
tems may be subject to subthreshold stimulation pulses 
that capture and lose capture on alternating pulses, 
trigeminy PVC sequences, orthe like that require a high- 
er stimulation pulse amplitude but cannot make this de- 
termination due to the failure to meet the two consecu- 
tive event requirement. 

[0008] Accordingly, in a first aspect of the present in- 
vention, the determination of whether there is a loss-of- 
capture is determined only according to paced cardiac 
cycles, i.e., ignoring intrinsic and PVC beats. In a sec- 
ond aspect of the present invention, the determination 
of whether there Is a loss-of -capture Is based upon X 
out of the last Y heart beats (i.e., cardiac events), where 
Y is a value greater than 2 and X is a value less than Y. 
In a typical example, a loss-of-capture detennination is 
whether there was a loss-of-capture for 2 (X) out of the 
last 3 (Y) paced beats. Accordingly, consecutive loss- 
of-capture events are no longer required in determining 
the threshold level. 

[0009] In a further aspect of the present invention, a 
preferred embodiment monitors cardiac events to detect 
a sequence ot patterns that could indicate a trigeminy 
or bigeminy pattern and, if delected, the pacing rale is 
increased to attempt to break the pattern and thus per- 
mit the threshold level to be detected. 
[001 0] A preferred embodiment of an implantable car- 
diac stimulation device for stimulating a patient's heart 
during each cardiac cycle through at least one electrode 
implanted in electrical contact with selected cardiac tis- 
sue comprises: (1) a pulse generator electrically cou- 
pled to the electrode and configured to generate stimu- 
lation pulses at a controlled amplitude and rate to there- 
by stimulate the patient's heart; (2) a detection circuit 
electrically coupled to the electrode and configured to 



receive cardiac signals for determining the presence or 
absence of an evoked response to each of the stimula- 
tion pulses; and (3) a controller coupled to the pulse gen- 
erator for increasing the stimulation pulse amplitude 

5 when a first specified criteria has been met, wherein the 
first specif ied criteria is the absence of evoked respons- 
es from X out of the last Y stimulation pulses where Y 
is a value greater than 2 and X Is a value less than Y. 
[0011] In a further aspect of the present invention 

10 means are provided to detect a sequence of responses 
from a sample window which corresponds to whether 
there were captured cardiac events during each of the 
cardiac cycles in the sample window. When N contigu- 
ous occurrences of a specified M response sequence 

15 are detected in the sample window, the controller is con- 
figured to increase the controlled stimulation rate. 
[0012] The novel features of the invention are set forth 
with particularity in the appended claims. The invention 
will be best understood from the following description 

20 when read in conjunction with the accompanying draw- 
ings. 

[0013] FIG. 1 shows a simplified functional block dia- 
gram of an implantable cardioverter/defibrillator (ICD), 
which represents one type of implantable cardiac stim- 
25 ulation device with which the present invention may be 
used. 

[0014] FIG. 2 shows a functional block diagram of an 
implantable dual-chamber pacemaker, which repre- 
sents another type of implantable medical device with 

30 which the invention may be used. 

[0015] FIG. 3 is a simplified top level flow diagram of 
the autocapture / autothreshold method of the present 
invention using an improved criteria for determining 
loss-of-capture and capture. 

35 [0016] FIG. 4 is a flow chart of an exemplary capture 
verification routine as used in FIG. 3 for detemnining the 
loss-of-capture and capture criteria of the present inven- 
tion. 

[0017] FIG. 5 is a block diagram of an exemplary 
40 structure for detemiining the loss-of-capture and cap- 
ture criteria of the present invention as well as determin- 
ing whetherthe cardiac pacing rate should be increased 
to break a repeating, e.g., trigeminy, pattern. 
[0018] FIG. 6 Is an exemplary loss-of-capture recov- 
45 ery routine that incorporates the advanced loss-of-cap- 
ture and capture criteria of the present Invention. 
[0019] FIGS. 7A and 7B comprise an exemplary 
threshold search routine that incorporates the advanced 
loss-of-capture and capture criteria of the present inven- 
50 tion. 

[0020] FIG. 8 is an exemplary intracardiac electro- 
gram showing an alternating sequence of capture and 
loss-of-capture events, a sequence that can be accom- 
modated by the present invention. 
55 [0021] FIG. 9 is an exemplary intracardiac electro- 
gram showing a trigeminy sequence of a loss-of-cap- 
ture, a PVC, and a captured beat, a sequence that can 
be accommodated by the present invention. 
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[0022] The following description is of the best mode 
presently contemplated for carrying out the invention. 
This description Is not to be taken In a limiting sense, 
but is made merely for the purpose of describing the 
general principles of the Invention. The scope of the In- 
vention should be detemnined with reference to the 
claims. 

[0023] The present Invention Is directed to an im- 
proved system and method for performing autocapture 
and autothreshold detection in an implantable cardiac 
stimulation device, e.g., a pacemaker or an ICD. In 
some prior art systems, loss-of-capture and capture de- 
cisions are based upon single events. Such a single 
event system would generally be overly sensitive and 
would tend to determine unnecessarily high threshold 
values. In other systems, loss-of-capture and capture 
decisions are based upon two consecutive cardiac 
events. These systems additionally include a large am- 
plitude backup pulse capability to stimulate the patient's 
heart when there is a loss-of-capture and there would 
othenA^ise be a missed heart beat. However, such sys- 
tems may be subject to subthreshold stimulation pulses 
that capture and lose capture on alternating pulses, 
trigeminy PVC sequences, orthe like that require a high- 
er stimulation pulse amplitude but cannot make this de- 
termination due to the two consecutive event require- 
ment. 

[0024] Accordingly, In a first aspect of the present in- 
vention, the detemnination of whether there is a loss-of- 
capture is determined only according to paced cardiac 
events, i.e.. ignoring intrinsic and PVC beats which oc- 
curred during a cardiac cycle. In a second aspect of the 
present invention, the determination of whether there is 
a loss-of-capture Is based upon X out of the last Y heart 
beats (i.e., cardiac events), where Y is a value greater 
than 2 and X is a value less than Y. in a typical example, 
a loss-of-capture determination is whether there was a 
loss-of-capture for 2 (X) out of the last 3 (Y) paced beats. 
Accordingly, consecutive loss-of-capture events are no 
longer required in detennining the threshold level. 
[0025] In a further aspect of the present invention, a 
preferred embodiment monitors cardiac events to detect 
a sequence of patterns that could indicate a trigeminy 
pattern and, if detected, the pacing rate is increased to 
attempt to break the pattern and thus permit the thresh- 
old level to be detected. 

[0026] As indicated above, the present invention may 
be used with various types of implantable stimulation 
devices for stimulating cardiac tissue, Including an im- 
plantable pacemaker configured to treat bradycardia 
and/or tachycardia, an implantable cardioverter-defibril- 
lator (ICD), or a combination thereof or any other device 
capable of stimulating other body tissues and recogniz- 
ing the response to the delivered stimu lus. Such devices 
control/monitorthe operations of a patient's heart or oth- 
er body tissues. 

[0027] To better understand the invention, it will first 
be helpful to have an understanding of the basic func- 



tions performed by exemplary implantable stimulation 
devices with which the invention may be used, e.g., an 
ICD with dual chamber coils (see FIG. 1 ) and/or a dual- 
chamber pacemaker (see FIG. 2). While a dual-cham- 
ber device has been chosen for this description, this is 
for teaching purposes only. It is recognized that the 
present Invention could be implemented into a single- 
chamber device, that one of skill In the art could readily 
adapt the dual-chamber device shown in FIG. 2 to per- 
fonn single-chamber functionality, and that a single- 
chamber device is within the spirit of the invention as is 
any device capable of delivering stimulating impulses to 
a tissue or organ of the body. 

[0028] In FIG. 1 , there is shown a simplified functional 
block diagram of an ICD device 20, and in FIG. 2, there 
Is shown a simplified functional block diagram of a dual- 
chamber pacemaker 70. It should also be noted that, in 
some instances, the functions of an ICD and a pace- 
maker may be combined within the same cardiac stim- 
ulation device. However, for teaching purposes, the de- 
vices will be described separately. 
[0029] It is the primary function of an ICD device to 
sense the occurrence of a tachyarrhythmia and to auto- 
matically apply an appropriate electrical shock therapy 
to the heart aimed at tenninating the tachyarrhythmia. 
To this end, the ICD device 20, as shown in the func- 
tional block diagram of FIG. 1, includes a control and 
timing circuit (hereinafter referred to as a control/timing 
circuit) 22, such as a microprocessor, state-machine or 
other such control circuitry, that controls a high output 
charge generator 26. The high output charge generator 
26 generates electrical stimulation pulses of moderate 
or high energy (corresponding to cardioversion or defi- 
brillation pulses, respectively), e.g., electrical pulses 
having energies of from 1 to 10 joules (moderate) or 11 
to 40 joules (high), as controlled by the control/timing 
circuit 22. 

[0030] Such moderate or high energy pulses are ap- 
plied to the patienfs heart 28 through at least one lead 
30 having at least two defibrillation electrodes, such as 
coil electrodes 38 in the atrium and 40 in the superior 
vena cava. The lead 30 preferably also includes at least 
one electrode for pacing and sensing functions, such as 
electrode 32. Typically, the lead 30 is transvenously In- 
serted into the heart 28 so as to place the coll electrodes 
38 and 40 where they are In electrical and preferably 
physical contact with the patient's heart 28. While only 
one lead is shown in FIG. 1, it is to be understood that 
additional defibrillation leads and electrodes may be 
used to apply the shock treatment generated by the high 
voltage generator 26 to the patient's heart 28. 
[0031] The ICD 20 also includes a sense amplifier 42 
that is coupled to at least one sensing electrode 32. It 
is the function of the sense amplifier 42 to sense the 
electrical activity of the heart 28, as is known in the art, 
such as R-waves which are the surface ECG represen- 
tation of ventricular depolarizations which result in the 
contraction of ventricular tissue, and P-waves which are 
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the surface ECG manifestations of atrial depolarizations 
which result in the contraction of atria! tissue. Thus, by 
sensing the ventricular and/or atrial depolarizations 
(manifested by the R-waves and/or P-waves on the sur- 
face ECG) through the sense amplifier 42, the control/ 5 
timing circuit 22 is able to make a detennination as to 
the rate and regularity of the patient's heart beat. Such 
infonnation, in turn, allows the control/timing circuit 22 
to detennine whether the patient's heart 28 is experienc- 
ing an arrhythmia, and to apply appropriate stimulation io 
therapy. Alternatively, a pacing pulse generator 43 can 
be used to pace the heart in. accordance with a prese- 
lected pacing strategy. To accomplish this task, the am- 
plitude of pacing pulses generated by the pulse gener- 
ator 43 is set by the physician to a value above the ^5 
threshold level for the patient's heart to ensure capture, 
i.e., successful stimulation of the patient's heart. 
[0032] The control/timing circuit 22 further has a 
memory circuit 44 coupled thereto wherein the operat- 
ing parameters used by the control/timing circuit 22 are 20 
stored. Such operating parameters define, for example, 
the amplitude of each shocking pulse to be delivered to 
the patient's heart 28 as well as the duration of these 
shock pulses. The memory 44 may take many forms, 
and may be subdivided into as many different memory 25 
blocks or sections (addresses) as needed to store de- 
sired data and control information. A feature of an ex- 
emplary ICD 20 is the ability to sense and store a rela- 
tively large amount of data as a data record, which data 
record may then be used to guide the operation of the 30 
device, i.e., the present operating mode of the device 
may be dependent, at least in part, on past performance 
data. 

[0033] Advantageously, the operating parameters of 
the implantable device 20 may be non-invasively pro- 
grammed into the memory 44 through a telemetry circuit 
46, in telecommunicative contact with an external pro- 
grammer 48 by way of a suitable coupling coil 50. The 
coupling coil 50 may serve as an antenna for establish- 
ing a radio frequency (RF) communication link 52 with 
the external programmer 48, or the coil 50 may serve 
as a means for inductively coupling data between the 
telemetry circuit 46 and the external programmer 48, as 
is known in the art. See, e.g., U.S. Patent Nos. 
4,809,697 (Causey, 111 et al.) and 4,944,299 (Silvian), 
Incorporated herein by reference. Further, such telem- 
etry circuit 46 advantageously allows status information 
relating to the operation of the ICD 20, as contained in 
the control/timing circuit 22 or memory 44, to be sent to 
the external programmer 48 through the established link 
52. 

[0034] The control/timing circuit 22 includes appropri- 
ate processing and logic circuits for analyzing the output 
of the sense amplifier42 and determining if such signals 
indicate the presence of an arrhythmia. Typically, the 
control/timing circuit 22 is based on a microprocessor, 
or similar processing circuit, which includes the ability 
to process or monitor input signals (data) in a prescribed 



manner, e.g., as controlled by program code stored in a 
designated area or block of the memory 44. The details 
of the design and operation of the control/timing circuit 
22 are not critical to the present invention. Rather any 
suitable control/timing circuit 22 may be used that per- 
forms the functions described herein. The use, design, 
and operation of microprocessor-based control circuits 
to perform timing and data analysis functions is known 
in the art. 

[0035] The ICD 20 additionally includes a battery 62 
which provides operating power to all of the circuits of 
the ICD 20. 

[0036] In FIG. 2, a simplified block diagram of the cir- 
cuitry neededfor a dual-chamber pacemaker 70 is illus- 
trated. The pacemaker 70 is coupled to heart 28 by way 
of leads 74 and 76, the lead 74 having an electrode 75 
that is in electrical and preferably physical contact with 
one of the atria of the heart 28, and the lead 76 having 
an electrode 77 that is in electrical and preferably phys- 
ical contact with one of the ventricles of the heart 28. 
The leads 74 and 76 are electrically and physically con- 
nected to the pacemaker 70 through a connector 73 that 
forms an integral part of the housing wherein the circuits 
of the pacemaker are housed. Typically, leads 74 and 
76 are operated in a bipolar mode where a "tip" portion 
provides the voltage signal that provides current that 
flows to a "ring" portion on the same lead. Alternatively, 
leads 74 and 76 can operate in a unipolar mode where 
current flows from the "tip" portion of each lead to a con- 
ductive case 116 which surrounds the pacemaker de- 
vice 70. 

[0037] The connector 73 is electrically connected to 
a protection network 79, which network 79 electrically 
protects the circuits within the pacemaker 70 from ex- 
cessive shocks or voltages that could appear on the 
electrodes 75 and/or 77 in the event such electrodes 
were to come in contact with a high voltage signal, e.g., 
from a defibrillation shock. 

[0038] The leads 74 and 76 cany stimulation pulses 
to the electrodes 75 and 77 from an atrial pulse gener- 
ator (A-PG) 78 and a ventricular pulse generator (V-PG) 
80, respectively. Further, electrical signals from the atria 
are carried from the electrode 75, through the lead 74, 
to the input terminal of an atrial channel sense amplifier 
(A-AMP) 82; and electrical signals from the ventricles 
are carried from the electrode 77, through the lead 76, 
to the input terminal of a ventricular channel sense am- 
plifier (V-AMP) 84. Similariy, electrical signals from both 
the atria and ventricles are applied to the inputs of an 
intracardiac electrogram amplifier (lEGM) 85. The am- 
plifier 85 is typically configured to detect an evoked re- 
sponse from the heart 28, i.e., a response to an applied 
stimulation pulse, thereby aiding in the detection of 
"capture". Capture occurs when an electrical stimulus 
applied to the heart is of sufficient energy to depolarize 
the cardiac tissue, thereby causing the heart muscle to 
contract, or in other words, causing the heart to beat. 
Capture does not occur when an electrical stimulus ap- 
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plied to the heart is of insufficient energy to depolarize 
the cardiac tissue. Following each captured stimulation 
pulse, the associated cardiac tissue (i.e., the atria or the 
ventricles) enters into a physiologic refractory period 
during which it cannot be re-stimulated. 
[0039] The dual-chamber pacemaker 70 is controlled 
by a control and timing circuit {hereinafter referred to as 
a control/timing circuit) 86 that typically includes a mi- 
croprocessor programmed to carry out control and tim- 
ing functions. The control/timing circuit 86 receives the 
sensed signals from the atrial (A-AMP) amplifier 82 over 
signal line 88. Similarly, the control/timing circuit 86 re- 
ceives the output signals from the ventricular (V-AMP) 
amplifier 84 over signal line 90, and the output signals 
from the lEGM amplifier 85 over signal line 91 . These 
output signals which indicate capture due to an evoked 
response are generated each time that a P-wave or an 
R-wave is sensed within the heart 28. ThecontrolAlming 
circuit 86 also generates trigger signals that are sent to 
the atrial pulse generator (A-PG) 78 and the ventricular 
pulse generator (V-PG) 80 over signal lines 92 and 94, 
respectively, to control the amplitude and duration of the 
signals delivered to the electrodes, 75 and 77, These 
trigger signals are generated each time that a stimula- 
tion pulse is to be generated by the respective pulse 
generator 78 or 80. The atrial trigger signal is referred 
to simply as the "A-trigger", and the ventricular trigger 
signal Is referred to as the "V-trigger". 
[0040] During the time that either an A-pulse or V- 
pulse is being delivered to the heart, the corresponding 
sense amplifier. A-AMP 82 and/or V-AMP 84, is typically 
disabled by way of a blanking signal presented to these 
amplifiers from the control/timing circuit 86 over signal 
lines 96 and 98, respectively. This blanking action pre- 
vents the amplifiers 82 and 84 from becoming saturated 
from the relatively large stimulation pulses that are 
present at their input temiinals during this time. This 
blanking action also helps prevent residual electrical 
signals present in the muscle tissue as a result of the 
pacemaker stimulation from being interpreted as P- 
waves or R-waves. 

[0041] As shown in FIG. 2, the pacemaker 70 further 
includes a memory circuit 1 00 that Is coupled to the con- 
trol/timing circuit 86 over a suitable data/address bus 
102. This memory circuit 100 allows certain control pa- 
rameters, used by the control/timing circuit 86 In adjust- 
ing or programming the operation of the pacemaker 70, 
to be stored and modified, as required, in order to cus- 
tomize the pacemaker's operation to suit the needs of a 
particular patient. Further, data regarding the operation 
of the pacemaker 70 (sensed or paced events and ac- 
tivation of any special algorithms or results of interven- 
tions) may be stored in the memory 1 00 for later retrieval 
and analysis. 

[0042] As with the memory 44 of the ICD device 20 
shown in FIG. 1 , the memory 100 of the pacemaker 70 
(FIG. 2) may take many forms and may be subdivided 
into as many different memory blocks or sections (ad- 



dresses) as needed in order to allow desired data and 
control information to be stored. A feature of an exem- 
plary cardiac stimulation device is the ability to store a 
relatively large amount of sensed data as a data record, 
5 which data record may then be used to guide the oper- 
ation of the device. That is, the operating mode of the 
pacemaker may be dependent, at least in part, on past 
performance data. For example, an average atrial rate 
may be determined based on the sensed atrial rate over 
10 a prescribed period of time. This average rate may then 
be stored and updated at regular intervals. Such stored 
rate may then be compared to a present atrial rate and, 
depending upon the difference, used to control the op- 
erating mode of the pacemaker. Other parameters, of 
15 course, in addition to (or in lieu of) atrial rate, may be 
similarly sensed, stored, averaged (or othenwise proc- 
essed), and then used for comparison purposes against 
one or more currently-sensed parameters. Advanta- 
geously, modern memory devices allow for the storage 
^0 of large amounts of data in this manner. 

[0043] A clock circuit 1 03 directs an appropriate clock 
signal(s) to the control/timing circuit 86, as well as to any 
other needed circuits throughout the pacemaker 70 (e. 
g., to the memory 100) by way of clock bus 105. 
25 [0044] A telemetry/communications circuit 1 04 Is fur- 
ther included in the pacemaker 70. Th is telemetry circuit 
104 is connected to the control/timing circuit 86 by way 
of a suitable command/data bus 1 06. In tum, the telem- 
etry circuit 1 04, which is included within the implantable 
^0 pacemaker 70, may be selectively coupled to an exter- 
nal programmer 108 by means of an appropriate com- 
munication link 1 1 0. The communication link 1 1 0 maybe 
any suitable electromagnetic link such as an RF (radio 
frequency) channel, a magnetic link, an inductive link, 
^5 an optical link, and the like. Advantageously, desired 
commands may be sent to the control/timing circuit 86 
through the external programmer 108 and the commu- 
nication link 110. Similarly through this communication 
link 1 1 0 with the programmer 1 08, data commands (ei- 
0 ther held within the control/timing circuit 86, as in a data 
latch, or stored within the memory 1 00) may be remotely 
received from the programmer 108. Similarly, data ini- 
tially sensed through the leads 74 or 76, and processed 
by the microprocessor control circuits 86, or other data 
5 measured within or by the pacemaker 70, may be stored 
and uploaded to the programmer 1 08. In this manner, 
non-invasive communications can be established with 
the implanted pacemaker 70 from a remote, non-im- 
planted, location. 
^ [0045] The pacemaker 70 additionally includes a bat- 
tery 93 which provides operating power to all of the cir- 
cuits of the pacemaker 70 via a power signal line 95. 
[0046] It is noted that the pacemaker 70 in FIG. 2 is 
referred to as a dual-chamber pacemaker because it In- 
► terfaces with both the atria and the ventricles of the heart 
28. Those portions of the pacemaker 70 that interi=ace 
with the atria, e.g.. the lead 74, the P-wave sense am- 
plifier 82. the atrial pulse generator 78. and correspond- 
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ing portions of the control/timing circuit 86, are common- 
ly referred to as the "atrial channel". Similarly, those por- 
tions of the pacemaker 70 that interface with the ventri- 
cles, e.g., the lead 76, the R-wave sense amplifier 84, 
the ventricular pulse generator 80, and corresponding 
portions of the control/timing circuit 86, are commonly 
referred to as the "ventricular channel". While a dual 
chamber pacemaker includes a single atrial channel 
and a single ventricular channel, multichamber devices 
may include more than one atrial channel and/or more 
than one ventricular channel. 

[0047] As needed for certain applications, the pace- 
maker 70 may further include at least one sensor 112 
that is connected to the control/timing circuit 86 of the 
pacemaker 70 over a suitable connection line 1 1 4. While 
this sensor 112 is illustrated in FIG. 2 as being included 
within the pacemaker 70, it is to be understood that the 
sensor may also be external to the pacemaker 70, yet 
still be implanted within or carried by the patient. A com- 
mon type of sensor Is an activity sensor, such as a pie- 
zoelectric crystal, that is mounted to the case of the 
pacemaker. Other types of sensors are also known, 
such as sensors that sense the oxygen content of blood, 
respiration rate, pH of blood, body motion, and the like. 
The type of sensor used is not critical to the present in- 
vention. Any sensor or combination of sensors capable 
of sensing a physiological or physical parameter relata- 
ble to the rate at which the heart should be beating (i. 
e., relatable to the metabolic need of the patient), and/ 
or relatable to whether a tachyarrhythmia is likely to 
soon occur can be used. Such sensors are commonly 
used with "rate-responsive" or "rate-modulated" pace- 
makers in order to adjust the rate (pacing cycle) of the 
pacemaker in a manner that tracks the physiological or 
metabolic needs of the patient. 

[0048] The pacemaker 70 further includes magnet de- 
tection circuitry 87, coupled to the control/timing circuit 
86 over signal line 89. It is the purpose of the magnet 
detection circuitry 87 to detect when a magnet Is placed 
over the pacemaker 70. The magnet may be used by a 
physician or other medical personnel to perform various 
reset functions of the pacemaker 70 and/or to signal the 
control/timing circuit 86 that an external programmer 
1 08 is in place to receive data from, or send data to, the 
pacemaker memory 100 or control/timing circuit 86 
through the telemetry communications circuit 104. 
[0049] As with the ICD device 20 of FIG. 1 , the telem- 
etry or communications circuit 104 may be of conven- 
tional design, such as is described in U.S. Patent No. 
4,944,299, or as is otherwise known in the art. Similariy, 
the external programmer 1 08 may be of any suitable de- 
sign known in the art, such as is described in U.S. Patent 
No. 4,809,697. Likewise, the memory circuit 100, and 
the circuits utilized in the atrial and ventricular channels 
may all be of common design as is known in the pacing 
art. The present invention is not concerned with the de- 
tails of the circuitry utilized for each of these pacing el- 
ements. Rather, it is concerned with the manner in which 



the amplitude of the pacing pulses delivered to the heart 
is deterniined in coordination with autocapture and au- 
tothreshold modes of operation. Such determination is 
controlled by the control/timing circuit 86. 

5 [0050] The control/timing circuit 86 may be realized 
using a variety of different techniques and/or circuits. 
The preferred type of control/timing circuit 86 is a micro- 
processor-based control/timing circuit. It Is noted, how- 
ever, that the controlAiming circuit 86 could also be re- 

10 alized using a state machine. Indeed, any type of con- 
trol/timing circuit or system could be employed for the 
controlAiming circuit 86. The present invention is like- 
wise not concerned with the details of the control/timing 
circuits 22 and 86. Rather, it is concerned with the end 

15 result achieved by the control/timing circuit. That is, so 
long as the control/timing circuit 86 controls the opera- 
tion of the pacemaker (or other medical device) so that 
the desired functions are achieved as set forth herein, 
it matters little what type of control/timing circuit is used. 

20 Those of skill in the implantable medical device art, giv- 
en the teachings presented herein, should thus be able 
to fashion numerous different types of control/timing cir- 
cuits that achieve the desired device control. 
[0051] Representative of the types of control/timing 

25 circuits that may be used with the invention is the micro- 
processor-based control/timing circuit described in U.S. 
Patent No. 4,940,052, entitled "Microprocessor Control- 
led Rate-Responsive Pacemaker Having Automatic 
Rate ResponseThreshold Adjustment". Reference is al- 
so so made to U.S. Patent Nos. 4,71 2,555 and 4,944,298, 
wherein a state-machine type of operation for a pace- 
maker is described; and U.S. Patent No. 4,788,980, 
wherein the various timing intervals used within the 
pacemaker and their inter-relationship are more thor- 

35 oughly described. The '052, '555, '298 and '980 patents 
are incorporated herein by reference, 
[0052] FIG. 3 is a simplified top level flow diagram of 
the autocapture / autothreshold method of the present 
invention using an improved criteria for determining 

40 loss-of-capture and capture. To simplify the discussion, 
this method is described in reference to the dual-cham- 
ber pacemaker 70 of FIG. 2. In this case, the autocap- 
ture/ autothreshold routines preferably monitor and ad- 
just the amplitude of a ventricular pacing pulse in re- 

45 sponse to whether an evoked response is sensed . How- 
ever, one of ordinary skill in the art would recognize the 
applicability of this method to other such implantable 
cardiac stimulation devices, e.g., the atrial channel of a 
dual chamber pacemaker or the ICD 20 of FIG. 1 . Ini- 

50 tially in block 1 20, all of the pacing parameters required 
by the pacemakerto operate in a desired program mode 
are set from values in memory 1 00 or by way of the ex- 
ternal programmer 1 08. In addition to conventional pac- 
ing parameters, parameters related to practicing the 

55 present invention are preferably preprogrammed and in- 
clude a definition of: the size of the increase or decrease 
of the primary pulse, i.e., the ventricular pacing pulse 
delivered from the ventricular pulse generator 80, used 
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by the autocapture / autothreshold routines; how often 
the periodic autothreshold search routine Is to be in- 
voked (e.g., once a day, every 90 nninutes, etc.); and a 
functional or working factor The working factor Is used 
during the loss -of -capture recovery routine as well as 
during the autothreshold search routine and defines 
how much above the determined capture threshold the 
ventricular pulse amplitude Is to be set to provide main- 
tenance of capture during the normal course of events. 
In a preferred device, these parameters include de- 
creased AV (e.g., 50 ms) and PV (e.g., 25 ms) delays 
to be used during the autothreshold routine to cause the 
ventricular stimulation pulse to be issued prior to a po- 
tential intrinsic R-wave. This decreased delay allows the 
heart to respond to stimulation pulses since the stimu- 
lation pulses will precede any intrinsic beats after which 
ventricular tissue would be refractory and additionally, It 
helps to avoid fusion beats. While these prepro- 
grammed parameters are relevant to the present inven- 
tion, they are also relevant to the general operation of 
the pacemaker 70 and thus are set using routine meth- 
ods, well known to those of skill in the art. Additionally, 
the loss-of-capture and capture criteria used by the 
present invention are set within block 1 20. These criteria 
will be discussed in greater detail below. 
[0053] Assuming that all of the pacing parameters 
were set in block 120, a first detennination is made in 
block 122 as to whether autocapture / autothreshold is 
enabled. If the autocapture / autothreshold routine has 
not been enabled (the NO branch of block 122), the 
pacemaker 70 resumes cardiac pacing in the desired 
programmed mode in block 124. 
[0054] If autocapture / autothreshold has been ena- 
bled (the YES branch of block 122), the sensitivity of the 
atrial 82 and ventricular 84 amplifiers are adjusted in an 
evoked response calibration routine in block 126 . As is 
known in the art, the evoked response calibration rou- 
tine adjusts the evoked response detection sensitivity 
after measuring the polarization caused by a pacing 
pulse delivered during the natural refractory period of 
the heart and the evoked response signal amplitude. 
[0055] After the autocapture / autothreshold routine 
has been enabled in block 128, a detennination is made 
in block 1 30 as to whether it is time to initiate a periodic 
running of the threshold search routine. Typically, the 
threshold search routine 144 will start automatically at 
a specified frequency which can be preset in the device 
or a programmable parameter, e.g., once a day, every 
90 minutes, etc. Also, the threshold search routine 144 
may be triggered by the completion of the loss-of-cap- 
ture recovery routine 142 (described below). 
[0056] If it is time to start the threshold search routine 
144 (the YES branch of block 130), then a first step Is 
to verify in block 136 that proper conditions exist to ac- 
curately perform the threshold search routine (the YES 
branch of block 1 36). In general, such conditions require 
that the pacemaker 70 be engaged in ventricular pacing 
(generating V-pulses from the ventricular pulse genera- 



tor 80) at a rate that is below the maximum tracking rate. 
If the ventricular pulse generator is at the maximum 
tracking rate, then the proper conditions for executing 
the threshold search routine 144 do not exist (the NO 

5 branch of block 1 36). As such, the threshold search rou- 
tine 144 Is delayed for a prescribed amount of time in 
block 137, during which delay the pacemaker 70 con- 
tinues to operate in its present programmed mode and 
at its present output level. Othenwise, the threshold 

10 search routine 144 begins. Details of the threshold 
search routine 144 are provided below. 
[0057] If it is not time to commence the threshold 
search routine 144 (the NO branch of block 130), the 
pacemaker 70 proceeds to execute the capture verifi- 

'5 cation routine 1 38 in conjunction with the present pacing 
mode. 

[0058] When initiated, the capture verification routine 
1 38 (see FIG. 4) is a continuously running program that 
performs a loss-of-capture criteria test for each stimu- 

'0 lation pulse generated during the programmed pacing 
sequence. Essentially, as discussed further below, the 
capture verification routine 1 38 detemilnes for each car- 
diac cycle whether there was an evoked response cor- 
responding to each stimulation pulse. If an evoked re- 
's sponse is sensed at block 162, a capture count (C) is 
Incremented at block 1 64 to track the number of cap- 
tured pulses. If an evoked response is not sensed after 
a prescribed period of time (e.g., 60 nns) subsequent to 
the stimulation pulse, a backup pulse is Issued in block 

0 166 and the backup count (B) is incremented in block 
168 to track the number of non-captured pulses that re- 
quired a backup pulse to ensure a heart beat during a 
cardiac cycle . Alternatively, a cardiac event may be 
sensed before the stimulation pulse is issued, i.e., dur- 

5 ing the PV delay, that could correspond to an Intrinsic 
R-wave or a premature ventricular contraction (PVC). 
Such a cardiac event causes the intrinsic count (I) to be 
incremented In block 154 to track the number of such 
intrinsic events, events that did not require a stimulation 

0 pulse. By processing these counts (as described further 
below), a determination Is made in block 140 as to 
whether X out of the last Y stimulation pulses (described 
as X:Y) resulted in a loss-of-capture. In the prior art, this 
required two consecutive loss-of-capture events, i.e., 2: 

5 2, ortwo consecutive backup pulses (designated, herein 
as a SB sequence). However, In the present invention, 
this criteria is expanded to Include X loss-of-capture 
events out of the last Y stimulation pulses, where Y is 
greater than 2 and X Is less than Y. 

? [0059] The significance of this improved criteria is 
shown in the following examples. In embodiments of this 
invention, each cardiac cycle results in eithera captured 
stimulation pulse, designated as a C event and counted 
in block 164, a loss-of capture with a precautionary 

' backup pulse, designated as a B event and counted in 
block 1 68, or an intrinsic event, e.g., an intrinsic beat or 
a PVC occurring without a stimulation pulse, designated 
as an I event and counted in block 154. Sequences of 
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these cardiac events, events occurring in sequential 
cardiac cycles are described herein as sequences of C, 
B and I events or cardiac responses. 
[0060] Case 1 (see the first portion of FIG. 8): The 
stimulation pulse amplitude is just below or just above 
the heart's stimulation threshold. Accordingly, changes 
in the patient's physiological condition, the presence of 
myopotentials, electrical noise or the like may cause al- 
ternating capture and loss-of-capture events, i.e., a CB- 
CBCB,.. pattern, where C refers to capture associated 
with the primary pulse and B represents noncapture with 
delivery of a backup pulse. In the prior art, the pulse am- 
plitude would not be increased since there are not two 
consecutive loss-of -capture events. However, in the 
present Invention, an exemplary 2:3 criteria is satisfied 
after the fourth pulse of the sequence. Specifically, after 
4 stimulation pulses, a pattern of CBCB has occurred 
which has 2 backup pulses (Indicating a loss-of -capture) 
out of the last 3 pulses. Accordingly, the loss-of-capture 
recovery routine 142 will be executed. It is noteworthy 
that since only paced cycles are used in this determina- 
tion, the presence of a PVC or even an intrinsic R-wave 
will not effect this determination. Accordingly, if a CBCIB 
sequence was presented (not shown), where "1" refers 
to a native or intrinsic complex which inhibits the pace- 
maker output, it would be processed as If a CBCB se- 
quence occurred. Thus, this CBCIB pattern, treated as 
a CBCB pattern, would indicate a loss-of-capture since 
the intrinsic (I) cardiac cycle is not used in the loss-of- 
capture determination. 

[0061] Case 2 (see FIG. 9): The stimulation pulse is 
below threshold and the heart is experiencing PVCs 
from ectopic foci. As previously discussed, supernormal 
conduction may occur following each PVC due to an ex- 
tended repolarization period or some other condition re- 
sulting in a transient decrease in the capture threshold. 
Accordingly, a below threshold stimulation pulse (i.e., a 
pulse that otherwise could not stimulate the heart) will 
now be able to stimulate the heart due to the PVC 
caused by an extension of the repolarization period or 
other reason. Accordingly, the below threshold stimula- 
tion pulse will now be able to generate an evoked re- 
sponse, i.e., the stimulation pulse will be captured. Fol- 
lowing this captured pulse, the next below threshold 
pulse will again fail to capture and a backup pulse will 
be issued. Accordingly, a trigeminy pattern will occur as 
follows: BICBICBIC. Clearly, this sequence is contrary 
to the two consecutive loss-of-capture occurrence crite- 
ria of the prior art. However, since intrinsic events are 
not used in the detemnination made by embodiments of 
the present invention, this sequence is processed as the 
equivalent of a BCBCBC sequence. Using an exempla- 
ry 2:3 criteria, 2 out of the last 3 stimulation pulses will 
have not been captured with each being followed by the 
second backup pulse of this sequence. Accordingly, the 
loss-of-capture recovery routine 142 will be executed. 
[0062] FIG. 4 shows a more detailed explanation of 
an exemplary capture verification routine 138. A pacing 



rate is either determined by the intrinsic sinus rate of the 
atrium, indicated by P-waves. or by a rate determined 
by the pacemaker 70 and controlled by overdriving the 
intrinsic pacing rate of the atrium with atrial pulses from 

5 the atrial pulse generator 78. Overdriving the intrinsic 
pacing rate of the atrium can be useful, as discussed 
further below, to avoid PVCs from occurring during the 
autocapture / autothreshold routines. Initially, in block 
150, the control/timing circuit 86 waits a period of time 

10 as determined by the current PV or AV (when the intrin- 
sic rate has been increased) delays. In block 152, the 
control/timing circuit 86 notes if the ventricular channel 
sense amplifier 84 has sensed a signal. If a signal was 
sensed, an intrinsic event (I) is counted In block 154. If 

15 a signal was not sensed in block 152 by the end of the 
PV or AV delay, a venthcular stimulation pulse is issued 
in block 1 56 by the ventricular pulse generator 80 at the 
current stimulation amplitude. Optionally, In block 158 a 
stimulation pulse count can be incremented. However, 

20 since each stimulation pulse will either result in capture 
(C) or non-capture and a backup pulse (B), the number 
of stimulation pulses can be calculated as B-t-C. In block 
1 60, a capture detection window starts. In an exemplary 
embodiment, the capture detection window is 60 ms 

25 which is comprised of a 1 4 ms absolute refractory period 
during which time the sense amplifier 84 is blanked from 
looking for evoked responses, followed by a 46 ms alert 
period during which the evoked responses are detecta- 
ble. At the end of the capture detection window, It is de- 

30 termined in block 1 62 whether an evoked response was 
sensed by the ventricular channel sense amplifier 84. If 
there was an evoked response, a capture count (C) is 
incremented in block 164. Otherwise, if there was no 
evoked response, a high amplitude (e.g., 4.5 volt) back- 

35 up pulse is issued in block 1 66 and a backup pulse (non- 
capture) count (B) is increased in block 168. (Blocks 
170-174 refer to an alternative embodiment that in- 
cludes special processing to avoid PVCs. This alterna- 
tive embodiment will discussed later). 

40 [0063] Block 1 40 (FIG. 3) may now evaluate the rela- 
tionship of the most recent backup (B) and capture (C) 
counts to determine whether the loss-of-capture criteria 
has been met. FIG. 5 shows an exemplary method of 
making this determination with a status bit accumulator/ 

45 evaluator 176. FIG. 5 can best be understood by con- 
sidering it to represent a structure of hardware for 
processing status bits which represent what occurred 
during each cardiac cycle, i.e., whether an evoked re- 
sponse was detected (a capture beat (C)), an intrinsic 

50 beat (I) was detected, or a backup pulse (B) was gen- 
erated when an evoked response was not detected. 
Such a hardware structure may be formed from a shift 
register for storing the status bits and adders and com- 
parators or the like for evaluating the sums or sequenc- 

55 es of status bits stored in the shift register. However, one 
of ordinary skill in the art will recognize that the best 
mode of Implementing the status bit accumulator 176 
would be as a software construct under the control of 
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the control/timing circuit 86. In a software implementa- 
tion, the status bits may be stored in a data portion of 
memory 100 under control of software Instructions (in a 
control portion of the memory 1 00) executed by the con- 
trol/timing circuit 86. The status bit accumulator 1 76 is 
primarily comprised of a Z-bit FIFO (FIrst-ln First-Out) 
buffer 1 78, a 3 stage summer 180 and decision blocks 
1 82 and 1 84. The primary purpose of the status bit ac- 
cumulator 176 is to determine if a prescribed loss-of- 
capture or capture criteria has been met. The criteria 
are designated herein as X:Y, i.e., whether X cardiac 
events out of the last Y cardiac events caused by stim- 
ulation pulses satisfied a loss-of -capture or capture cri- 
teria. 

Specifically in making this determination, intrinsic car- 
diac events, e.g., R-waves or PVCs are not considered. 
The control/timing circuit 86 detemilnes for each cardiac 
cycle whether a capture beat (C), backup pulse (B) or 
intrinsic beat (I) occurred. This status bit is sequentially 
stored into FIFO 1 78 so that a sample window of status 
bitsforthe last 2 cardiac events (9 in the example shown 
in FIG. 5) are available for processing. Summers 180a- 
180c operate on the status bits stored in FIFO 178 to 
detennine three values. The first value Sg. generated 
by summer 180a, is the sum of all of the B bits in FIFO 
178 and represents the number of backup pulses gen- 
erated in the sample window. The second value S^, gen- 
erated by summer 180b. is the sum of all of the C bits 
in FIFO 178 and represents the number of captured 
pulse that were sensed in the sample window. The third 
value Sp, generated by summer 1 80c, is the sum of the 
values Sb and Sc and represents the number of paced 
cardiac cycles. Significantly. Sp does not Include intrin- 
sic (1) responses which could represent PVCs or other 
non-paced cardiac events. Decision blocks 1 82 and 1 84 
evaluate the X: Y criteria based upon the Sg, S^ and Sp 
values. Forexample, decision block 1 82 determines Sg: 
Sp, the number of backup, i.e., non-captured, pulses 
which occurred in the last Sp paced cardiac cycles and 
decision block 184 detennines S^iSp, the number of 
captured pulses which occurred in the last Sp paced car- 
diac cycles. In FIG. 5, status bits from the aforemen- 
tioned trigeminy pattern are shown entering into the right 
side of FIFO 1 78 and moving from the right to the left of 
FIFO 1 78. Therefore, at the current cycle of the 9 cycle 
sample window shown, there are 3 backup pulses (B), 
3 intrinsic pulses (I), and 3 captured pulses (C). Accord- 
ingly, after ignoring the cardiac cycles with intrinsic (t) 
beats, 3 out of the last 6 pulsed cycles were captured 
(3:6) and 3 out of the last 6 pulsed cycles were not cap- 
tured (3:6). If, for example, 3:6 was an acceptable crite- 
ria for recognizing a loss-of-capture, 4:6, 5:6 and 6:6 
which represent a higher loss-of-capture rate would also 
satisfy a 3:6 criteria. Accordingly a loss-of-capture (or 
capture) criteria may also be represented by a percent- 
age threshold which would satisfy the criteria if it was 
met or exceeded. The use of such an approach, is ad- 
ditionally apparent when it Is considered that some cycle 
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sequences could include a smaller or larger amount of 
intrinsic (I) cycles. Forexample, if the most recent intrin- 
sic: cycle was instead a non capture cycle, the observed 
X:Y value would have been 4:7 which would represent 
a higher loss-of-capture percentage. Alternatively a ta- 
ble 101 could be generated and stored in memoiy lOO 
which would correspond to values that exceeded a cri- 
teria for a given sample window size. For example, if 3: 
6 satisfies the criteria on a 9 cycle sample window, the 
criteria would be greater than or equal to 50% or the 
following X: Y values: 



3:6 
4:6 
5:6 
6:6 



4:7 
5:7 
6:7 



4:8 
5:8 
6:8 
7:8 



5:9 
6:9 
7:9 
8:9 
9:9 



30 



35 



40 
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Either a table look up or percentage value comparison 
are considered to be equivalent methods of evaluating 
whether the criteria have been met. 
[0064] Operating on a smaller sample window will 
generally allow the criteria to met In fewer cardiac cycles 
and thus limit the number of required backup pulses 
generated while the pulse amplitude threshold is being 
determined. For example, as previously described, a 2: 
3 decision with a 4 cycle sample window would have 
been able to respond within 4 cardiac cycles to the 
trigeminy pattern. Additionally, the percentage criteria 
would now be 66.67%, a more definitive criteria than 
50%. Accordingly a preferred criteria for responding to 
the afore-described patterns is a 2:3 criteria and a 4 
sample window. 

[0065] However, such a criteria may be too respon- 
sive in the presence of electrical noise, myopotentials 
or the like. Therefore, an alternative embodiment in- 
cludes the capability of recognizing a trigeminy pattern 
or the like and taking action to break the pattern before 

makingacapture/!oss-of-capture (LOG) determination. 
In this alternative mode, shown in blocks 170-174 of 
FIG. 4, the apparatus looks for a repeating, e.g., a 
trigeminy pattern and if it is detected, increases the car- 
diac rate (by atrial pacing with the atrial pulse generator 
78) to attempt to break the pattern. Generally, by in- 
creasing the cardiac rate by overdriving the intrinsic 
rate, PVCs can be suppressed. Once the PVCs are sup- 
pressed, supernormal conduction will no longer occur 
and loss-of-capture / capture decisions will con-espond 
to the actual threshold of the cardiac tissue. Preferably 
the cardiac rate will not be allowed to exceed a prede- 
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termined maximum rate, e.g., 100 beats per minute 
(bpm). in this mode. Preferably, this rate will be a pro- 
grammable parameter selectable by the clinician. 
[0066] For example, block 170 determines if a se- 
quence of N contiguous predefined sequences of M sta- 
tus responses have been determined. For the example 
of FIG. 5, this would be 3 contiguous predefined 3 cycle 
(BIC) sequences. A comparator 186 (FIG. 6) could be 
used to compare the patterns generated in N contiguous 
sequences to each other and the predefined, e.g., BIC, 
pattern or other pattern that preferably included at least 
one intrinsic (I) wave. If found, a match signal 1 88 would 
be generated to show that the criteria of block 1 70 was 
satisfied. In block 1 72, it is detennined whetherthe car- 
diac rate exceeded a maximum rate, e.g., 100 bpm. If 
the maximum rate was not exceeded, then the cardiac 
rate would be increased by a value r, e.g., 10 bpm, in 
block 174 by atrial pacing (as long as that increase 
would not cause a cardiac rate above the maximum al- 
lowed rate for testing purposes). If the trigeminy pattern 
is successfully broken, PVCs and the associated super- 
normal conduction will stop occurring. Accordingly, the 
pattern would switch to a BBB pattern from the BIC pat- 
tern since the intrinsic, i.e., PVC, waves would stop and 
the following cardiac cycles would revert to showing the 
actual below threshold condition of the stimulation puls- 
es. In this alternative embodiment, a larger, e.g., 9 cycle, 
sample window, would preferably be used as well as a 
more restrictive, e.g., 4:6, loss-of -capture criteria. In this 
example, a BIC pattern would not satisfy the 4:6 loss- 
of-capture criteria. However once the BIC pattern has 
repeated N, i.e., 3, times, the cardiac pacing rate would 
increase and break the trigeminy pattern. Once the pat- 
tern is broken, the loss-of-capture value would exceed 
the 3:6 criteria and the loss-of-capture recovery routine 
140 would then be invoked. 

[0067] In a next alternative implementation, detection 
of a trigeminy pattern or the like as described in refer- 
ence to block 1 70 can be used to identify a loss-of-cap- 
ture. Accordingly, when the criteria of block 170 have 
been satisfied, a loss-of-capture status flag can be set 
in block 1 75. Subsequently, this status flag can be used 
to identify a loss-of-capture In loss-of-capture criteria 
blocks, e.g., 140. 

[0068] FIGS. 6 and 7 respectively show an exemplary 
loss-of-capture recovery routine 142 and a threshold 

search routine 144 which include the advanced loss-of- 
capture and capture criteria of the present invention. 
The loss-of-capture recovery routine 142 begins once 
the loss-of capture criteria of block 140 has been satis- 
fied. In block 1 90, the stimulation pulse amplitude is first 
increased by a coarse value c, e.g., 0,250 volts. Provid- 
ing that the pulse amplitude does not exceed a maxi- 
mum value ramp up value, e.g., 3.875 volts although this 
value may be higher, in block 192, a stimulation pulse 
is delivered at block 1 94 during the next cardiac cycle 
according to the preset AV or PV delay. If the maximum 
pulse amplitude value has been reached or exceeded, 



the stimulation pulse is set to a maximum value in block 
196 and the threshold search routine 144 is invoked. 
Otherwise, in blocks 198 and 200, it is respectively de- 
termined if C:D pulses were captured and E:F pulses 

5 were not captured. If the capture criteria of block 1 98 is 
satisfied, signifying that capture has been regained, the 
threshold search routine 144 is invoked. Otherwise, if 
loss-of-capture still exists according to the criteria of 
block 200, the pulse amplitude Is increased by a fine 

10 value p: e.g., 0.125 volts, in block 202 and the process 
continues. Preferably, these criteria are evaluated as 
previously discussed with 2:3 being a preferred value 
for the E:F criteria and 2:2 for the C:D criteria. Accord- 
ingly, the loss-of-capture recovery routine will be more 

15 responsive than the prior art in causing the stimulation 
amplitude to ramp up to a value above the stimulation 
threshold. For example, while a prior art device would 
not increase the stimulation pulse amplitude (see the 
first portion of FIG. 8) if the pulse amplitude was mar- 

20 ginally belowthreshold such that a BCBC sequence was 
sensed, the present invention will recognize such a se- 
quence as satisfying the criteria (e.g., 2:3) for Increasing 
the pulse amplitude. Accordingly, the ramp up criteria 
has been biased upwards. 

25 [0069] FIGS. 7A and 7B show an exemplary thresh- 
old search routine 144 that Incorporates the loss-of-cap- 
ture, capture criteria of the present Invention. As previ- 
ously discussed, the threshold search routine 144 is ei- 
ther periodically invoked, e.g., once a day, or invoked 

30 following each invocation of the loss-of-capture recov- 
ery routine 142. Initially, a suitability test occurs in block 
202 and 204 which detennines if a capture criteria is sat- 
isfied. This capture criteria is evaluated in a similar man- 
ner to the previously described (X:Y) loss-of-capture cri- 

35 teria. In block 204, the criteria (G:H) Is whether G out of 
the last H pulses were captured. If the criteria is not sat- 
isfied after a specified number of pulses, the test is de- 
ferred until a later time. In a preferred embodiment, this 
criteri a is set to a 2:3 value which biases the test to occur 

40 wUen possible. 

[0070] In a next portion (blocks 206-212) of the 
threshold search routine 144, the pulse amplitude Is pe- 
riodically decreased by a coarse value, e.g., 0.250 
volts, until an A:B, e.g., a 2:3, loss-of-capture criteria is 

45 satisfied which identifies a non-capture level. If the pulse 
amplitude Is decreased to zero, the routine branches to 
block 213 where the pulse amplitude is reset to a high 
output (e.g., 4.5 volts) for the next N (e.g., 128) cycles 
before restarting the routine. Finally, in blocks 214-222 

50 the pulse amplitude is increased by a fine value F, e.g., 
0.1 25 volts, to identify a capture level in a similarmanner 
to that described in reference to the loss-of-capture re- 
covery routine 142. As previously discussed, the C:D 
capture and E:F loss-of-capture criteria, preferably 2:2 

55 and 2:3 respectively, can be set to provide an improved 
autocapture / autothreshold capability and specifically 
to enable the systems of the present invention to re- 
spond to the circumstances presented in reference to 
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FIGS. 8 and 9. As a final step of the threshold search 
routine 144, a working margin, e.g., 0.250 volts, is added 
in blocl< 224 to the capture level. This value is then used 
for stimulation pulses until either the threshold search 
routine 144 is activated, e.g., according to predeter- 5 
mined schedule, or a loss-of-capture occurs which ac- 
tivates the loss-of -capture recovery routine 142. 
[0071] Accordingly, what has been shown is an im- 
proved criteria for performing an autocapture / auto- 
threshold procedure in an implantable cardiac stimula- io 
tlon device. While the invention has been described by 
means of specific embodiments and applications there- 
of, it Is understood that numerous modifications and var- 
iations could be made thereto by those skilled in the art 
without departing from the spirit and scope of the inven- 15 
tlon. Alternative X: Y loss of capture criteria are also con- 
sidered to be within the scope of the present Invention. 
For example, to avoid fusion beats it may be desirable 
to have X=Y with X and Y greater than 2 such that a loss 
of capture for 3 or more consecutive beats would be re- 20 
quired before increasing the stimulation pulse ampli- 
tude. 



Claims 



25 



An implantable cardiac stimulation device for stim- 
ulating a patient's heart during a cardiac cycle 
through at least one electrode Implanted in electri- 
cal contact with selected cardiac tissue, the stimu- 30 
lation devbe comprising: 

a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 35 
to thereby stimulate the patients heart; and 
a detection circuit electrically coupled to the 
electrode and configured to receive cardiac sig- 
nals for determining the presence or absence 
of an evoked response to each of the stimula- 40 
tion pulses; characterised by 
a controller coupled to the pulse generator for 
increasing the stimulation pulse amplitude 
when a first specified criteria has been met, 
wherein the first specified criteria is the ab- 
sence of evoked responses from X out of the 
last Y stimulation pulses where Y is a value 
greater than 2 and X is a value less than Y. 

A device as claimed in claim 1 , characterised in that so 
the detection circuit is configured to determine the 
status, for each cardiac cycle, of the presence of an 
evoked response to each stimulation pulse, the ab- 
sence of an evoked response to each stimulation 
pulse, or the presence of an intrinsic cardiac signal 55 
without a stimulation pulse, the stimulation device 
further comprising: 



means for detemilning the presence of a pre- 
determined sequence of status determinations 
from M consecutive cardiac cycles; and 
means for determining the presence of N con- 
tiguous occurrences of the specified sequence 
of M status detemiinations, wherein the control- 
ler Is configured to increase the controlled rate 
in response thereto. 

. An implantable cardiac stimulation device for stim- 
ulating a patient's heart during a cardiac cycle 
through at least one electrode implanted In electri- 
cal contact with selected cardiac tissue, the stimu- 
lation device comprising: 

a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 
to thereby stimulate the patient's heart; and 
a detection circuit electrically coupled to the 
electrode and configured to receive cardiac sig- 
nals for detemnining the presence or absence 
of an evoked response in response to each of 
the stimulation pulses; characterised by: 

storing means for storing a status response 
for a seq uence of cardiac cycles, the status 
response comprising whether an evoked 
response (C) was detected, whether a 
backup pulse (B) was generated, or wheth- 
er an intrinsic signal (1 ) was detected with- 
out a stimulation pulse; 
evaluation means for determining whether 
a criteria Is satisfied based upon the stored 
status responses; and 
acontroMerforcausingthepulse generator 
to increase the amplitude of the stimulation 
pulses in response to a first specified crite- 
ria, In which the first specified criteria is the 
absence of evoked responses from X out 
of the last Y stimulation pulses where Y Is 
a value greater than 2 and X Is a value less 
than Y 

A device as claimed in claim 3, characterised In that 
the storing means is a FIrst-ln FIrst-Out (FIFO) buff- 
er fonned from a shift register or from a sequence 
of software instructions executed by the controller. 

A device as claimed in claim 3 or claim 4, charac- 
terised In that the storing means further comprises 
means to detect a predetermined sequence of sta- 
tus responses from IVI consecutive cardiac cycles 
and means for determining the presence of N con- 
tiguous occurrences of the predetermined se- 
quence of M status responses, and in which the 
controller Is configured to increase the controlled 
stimulation rate In response thereto. 
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6. A device as claimed in any preceding claim, char- 
acterised in that the detection circuit is arranged to 
detect the presence of an evoked response during 
a detection time period following each stimulation 
pulse, and the controller Is arranged to cause the 
pulse generator to generate a backup pulse at the 
end of each detection time period when an evoked 
response is not detected. 

7. A device as claimed in claim 6 , characterised in that 
the backup pulse is set to a predetemnined maxi- 
mum amplitude. 

8. A device as claimed in any preceding claim, char- 
acterised in that the controlled is configured to ad- 
just the stimulation pulse amplitude periodically by 
perfonning a threshold search to determine a stim- 
ulation pulse amplitude capable of causing an 
evoked response, the threshold search Including 
detecting a non-capture pulse amplitude level ac- 
cording to a second specified criteria and a capture 
pulse amplitude level according to a third specified 
criteria. 

9. A device as claimed in claim 8, characterised in that 
the second specified criteria Is: A out of the last B 
stimulation pulses not generating evoked respons- 
es, in which B is greater than 2 and A is less than 
B; or C out of the last D stimulation pulses generat- 
ing evoked responses, in which D is greater than 2 
and C is less than D. 

10. A device as claimed in claim 8 or claim 9, charac- 
terised in that the stimulation pulse amplitude is set 
following the threshold search to a predetermined 
value above the capture pulse amplitude level. 

11. A device as claimed in any of claims 8 to 10, char- 
acterised in that the controller is arranged to cause 
the threshold search to be perfomned following the 
increase of the stimulation pulse amplitude per- 
formed in response to the absence of evoked re- 
sponses to X out of the last Y stimulation pulses. 

12. An implanatable cardiac stimulation device for stim- 
ulating a patient's heart during a cardiac cycle 

through al least one electrode implanted in electri- 
cal contact with selected cardiac tissue, the stimu- 
lation device comprising: 

a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 
to thereby stimulate the patient's heart; 
a detection circuit electrically coupled to the 
electrode and configured to receive cardiac sig- 
nals for determining the presence or absence 
of an evoked response in response to each of 



the stimulation pulses; 

storing means for storing a status response for 
a sequence of cardiac cycles, the status re- 
sponse comprising whether an evoked re- 
5 sponse (C) was detected, whether a backup 

puise (B) was generated, or whetheran intrinsic 
signal (1) was detected without a stimulation 
pulse; 

evaluation means for determining whether a 
10 predetermined criteria is satisfied based upon 

the stored status responses, wherein the crite- 
ria is the detection of a predetermined se- 
quence of status responses from M consecu- 
tive cardiac cycles and the detection of N con- 
15 tiguous occurrences of the predetermined se- 

quence of M status responses; and 
a controller for causing the pulse generator to 
increasetheamplltude of the stimulation pulses 
in response to the predetermined criteria. 

20 

13. An Implantable cardiac stimulation device for stim- 
ulating a patient's heart during a cardiac cycle 
through at least one electrode implanted In electri- 
cal contact with selected cardiac tissue, the stlmu- 

25 lation device comprising: 

a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 

30 to thereby stimulate the patient's heart; 

a detection circuit electrically coupled to the 
electrode and configured to receive cardiac sig- 
nals for determining the presence or absence 
of an evoked response to each of the stimula- 

35 tion pulses; and 

a controller coupled to the pulse generator for 
increasing the stimulation pulse amplitude 
when a first specified criteria has been met, 
wherein the first specified criteria is the ab- 

40 sence of evoked responses from X out of the 

last Y stimulation pulses where Y is a value 
greater than 2 and X is a value equal to Y. 

14. An implantable stimulation device for stimulating a 
45 patient's body tissue through at least one electrode 

implanted In electrical contact with selected body 
tissue, the stimulation device comprising: 

a pulse generator electrically coupled to the 
50 electrode and configured to generate stimula- 

tion pulses at a controlled amplitude and rate 
to thereby stimulate the patient's body tissue; 
a detection circuit electrically coupled to the 
electrode and configured to receive signals for 
55 determining the presence or absence of an 

evoked response to each of the stimulation 
pulses; and 

a controller coupled to the pulse generator for 
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increasing the stimulation pulse amplitude 
when a first specified criteria has been met, 
wherein the first specified criteria Is the ab- 
sence of evoked responses from X out of the 
last Y stimulation pulses where Y is a value 5 
greater than 2 and X is a value less then Y. 

15. A method for determining the threshold value for a 
stimulation pulse for stimulating a patient's body tis- 
sue through at least one electrode implanted in io 
electrical contact with selected body tissue, the 
method comprising the steps of: 

periodically stimulating the patient's body tis- 
sue with a stimulation pulse, the stimulation is 
pulse having a controlled amplitude and rate; 
detecting the presence or absence of an 
evoked response generated by the patients 
body tissue in response to the stimulation pulse 
during a detection window; and 20 
increasing the amplitude of the stimulation 
pulse in response to a first specified evoked re- 
sponse criteria, wherein the first specified cri- 
teria is the absence of evoked responses from 
X out of the last Y stimulation pulses where Y 25 
is a value greater than 2 and X is a value less 
than Y. 

16. An implantable stimulation device for stimulating a 
patient's body tissue through at least one electrode 30 
implanted In electrical contact with selected body 
tissue, the stimulation device comprising: 



a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 
to thereby stimulate the patient's body tissue; 
a detection circuit electrically coupled to the 
electrode and configured to receive signals for 
determining the presence or absence of an 
evoked response In response to each of the 
stimulation pulses; 

storing means for storing a status response for 
a sequence of stimulation cycles, the status re- 
sponse comprising whether an evoked re- 
sponse (C) was detected, whether a backup 
pulse (B) was generated, orwhetheran intrinsic 
signal (1) was detected without a stimulation 
pulse; 

evaluation means for determining whether a 
criteria is satisfied based upon the stored status 
responses; 

a controller for causing the pulse generator to 
increasethe amplitude ofthe stimulation pulses 
in response to a first specified criteria, wherein 
the first specified criteria is the absence of 
evoked responses from X out ofthe last Y stim- 
ulation pulses where Y is a value greater than 
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2 and X is a value less than Y. 

17. An implantable stimulation device for stimulating a 
patient's body tissue through at least one electrode 
implanted in electrical contact with selected body 
tissue, the stimulation device comprising: 

a pulse generator electrically coupled to the 
electrode and configured to generate stimula- 
tion pulses at a controlled amplitude and rate 
to thereby stimulate the patient's body tissue; 
a detection circuit electrically coupled to the 
electrode and configured to receive signals for 
determining the presence or absence of an 
evoked response in response to each of the 
stimulation pulses; 

storing means for storing a status response for 
a sequence of stimulation, cycles, the status re- 
sponse comprising whether an evoked re- 
sponse (C) was detected, whether a backup 
pulse (B) was generated, orwhetheran intrinsic 
signal (1) was detected without a stimulation 
pulse; 

evaluation means for determining whether a 
predetermined criteria is satisfied based upon 
the stored status responses, wherein the crite- 
ria is the detection of a predetermined se- 
quence of status responses from M consecu- 
tive stimulation cycles and the detection of N 
contiguouF occurrences of the predetemilned 
sequence of M status responses; and 
a controller for causing the pulse generator to 
increase the amplitude of the stimulation pulses 
in response to the predetermined criteria. 
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